Introduction {#s1}
============

Orbital fat is the tissue inside the orbit in which other orbital structures, such as the eyeball, optic nerve, and eye muscles, are embedded. It consists of a mesh of small compartments that each contain a large number of fat cells. These compartments can deform, but the structure they form remains intact. The fat cells are larger just behind the eyeball, and smaller near the lateral and medial orbital walls. Possibly, this is related to the steepness of the local average pressure gradient, with cells being larger in lower gradient regions.^[@i2164-2591-5-4-9-b01]^

The eye is pulled backward by four of the extraocular muscles. The fat is divided by septa and in part by intermuscular membranes. In most present models of ocular motility three degrees of freedom in eye rotation are permitted. In these models it is assumed that the eye rotates about a single point, which coincides with the center of the globe. Obviously, when four rectus muscles together pull the eye backward, without a force acting in the opposite direction, such a model cannot be comprehensive.

When using a model with six degrees of freedom, however, the muscles would pull on the globe, whereas the reactive force, exerted by the orbital fat, would push it in the opposite direction. To obtain a comprehensive model of eye rotation within the orbit, finite element models have been constructed. The orbital fat is difficult to model as it deforms and slides excessively. Hence, the elements, for instance tetraeders that represent the fat, are deformed to an extent that algorithm errors occur and the model crashes on strong eye rotation.

Schoemaker et al.^[@i2164-2591-5-4-9-b02]^ previously reported in a MRI study, which was registered by hand, that fat immediately behind the eye follows eye rotation by approximately one-half. To this day however, it is unknown what happens with the optic nerve during eye rotation: the eye slides within Tenon\'s capsule but the optic nerve is attached to the eye, and therefore, in one way or the other, it sloshes through the fat as the eye rotates at high speeds during saccades. Moreover, what happens with the fat between muscle and sclera when the muscle is rolled onto the globe as the eye rotates? Is it squeezed out sideways, or does the fat slide backward?

In the model developed by Schoemaker, sliding of fat was measured by the amount of displacement of tissue markers such as blood vessels.^[@i2164-2591-5-4-9-b02]^ Instead of using markers to estimate the amount of displacement, a vector field-based calculation could provide a reasonably accurate representation. Also, the vector displacement could be well visualized in three-dimensions (3D). Abràmoff et al.^[@i2164-2591-5-4-9-b07],[@i2164-2591-5-4-9-b08]^ compared four different optical flow methods by Fleet and Jepson,^[@i2164-2591-5-4-9-b03]^ Uras et al.,^[@i2164-2591-5-4-9-b04]^ Singh,^[@i2164-2591-5-4-9-b05]^ and Lucas and Kanade^[@i2164-2591-5-4-9-b06]^ (LK3D) for the calculation of deformation data from static MRI volumes. They concluded that the latter gave the best result for MRI imaging of the eye rotation in the orbit.^[@i2164-2591-5-4-9-b07],[@i2164-2591-5-4-9-b08]^

Optical flow methods such as LK3D result in a sequence of deformation velocity fields, where each vector estimates the direction and degree at which a local patch of tissue is deforming at a specific instant.^[@i2164-2591-5-4-9-b09]^ Recently, however, a ready-to-use deformation calculation package has been described, called B-splines mutual information nonrigid registration (B-splines).^[@i2164-2591-5-4-9-b10]^ This method uses nonrigid registration to calculate deformation within a dataset of volumes and, like other registration methods, results in deformation-offset fields.^[@i2164-2591-5-4-9-b11],[@i2164-2591-5-4-9-b12]^

Botha et al.^[@i2164-2591-5-4-9-b13]^ used fixed-region deformation queries to show how a small spherical region of soft tissue deforms over time. Direct visualization of dense deformation data in a pair of time-spaced volumes was investigated by Busking et al.^[@i2164-2591-5-4-9-b14]^ Piccirelli et al.,^[@i2164-2591-5-4-9-b15],[@i2164-2591-5-4-9-b16]^ as well as, Prince and McVeigh^[@i2164-2591-5-4-9-b17]^ used two-dimensional (2D)-tagged MRI to directly track and visualize the internal deformation of soft tissue, specifically muscles, in the orbit. Controlling and understanding these visualizations is problematic for clinicians, anatomists, and other experts. Also, a proper representation of the deformation and sliding patterns provides a solid foundation for further finite element modelling. Therefore, obstacles need to be overcome to improve the current techniques for visualization of deformation of the fat.

In this paper, we compare two previously described deformation calculation methods from a sequence of MRI volumes (LK3D and B-splines) in a pipeline for the multiscale, dynamic, explorative visualization of orbital fat sliding and deformation. Subsequently, we investigate which of the two methods allows better visualization, and therefore better understanding, of three clinically relevant questions: (1) to what extent the fat moves with the eye during eye rotation, (2) how the optic nerve moves through the fat during eye rotation, and (3) to what extent fat is squeezed out under the tendon of the eye muscles during eye rotation.

Materials and Methods {#s2}
=====================

Description of the Visualization Pipeline {#s2a}
-----------------------------------------

### MRI Acquisition {#s2a1}

The previously described T1 MRI scans^[@i2164-2591-5-4-9-b13]^ were made of a healthy 22-year-old male volunteer (after informed consent and in accordance with the declaration of Helsinki) on a General Electric 3.0T Signa Excite 3 MRI scanner (GE Healthcare, Wautwatosa, WI) at Erasmus Medical Center (Rotterdam, the Netherlands) using the transmit body coil for signal excitation and a dedicated 4-channel dual array receive only surface coil (2 channels per eye; Flick Engineering Solutions BV, Winterswijk, NL) for signal reception to enhance signal quality. Imaging was performed using a 3D fast spoiled radio frequency gradient echo scan (SPGR) with a repetition time (TR) of 6.03 ms, echo time (TE) of 2.1 ms, and a readout flip angle of 10°. The scanning field-of-view (FOV) was set to 140 mm using an acquisition matrix of 170 × 170 and 62, 1-mm axial slices encoded, resulting in an actual voxel resolution was 0.823 × 0.823 × 1.000 mm^3^ (coronal × sagittal × axial) in a total acquisition time per 3D volume of 1 minute 0 seconds. The receiver readout bandwidth was set to 62.5 KHz and no imaging acceleration techniques nor surface intensity correction algorithms were used. The resulting dataset was interpolated by zero-filling before the fast Fourier transform to an interpolated voxel size of 0.5469 × 0.5469 × 0.5000 mm^3^ providing a grid of 256 × 256 × 116 voxels that was used for further processing. Each scan was acquired with a different axial angle of rotation for the right eyeball, which abducts from −30° (left) of rotation to +40° (right) at constant 5° increments. To minimize vergence, the subject\'s left eye was covered. The angle of rotation was imposed by requiring the subject to focus on a small light source placed 20 cm from the center of the right eyeball. To minimize acquisition errors due to head movement during or between scans, two previously described measures (Dunning AG, et al., *IOVS* 2009;50:ARVO E-Abstract 661) were, taken. First, the subject\'s head was fixed inside a frame to minimize head movement during each scan. Second, the subject bit down on a dental thermoplast with 3D MRI markers for rigid registration of the volumes afterward. With this set up, only in the 45°-gaze positions in extreme left and right gaze, any head movement occurred. We obtained a sequence of 15 axial MRI slabs of a healthy male subject ([Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [1a](#i2164-2591-5-4-9-f01){ref-type="fig"}), containing both orbits. Because the acquisition focus was on the right orbit, we cropped the dataset to fully contain only the right eye socket. The size of the cropped grid is 61 × 96 × 86 voxels. The volumes of the acquired MRI data together represent the gradually sliding and deforming anatomy of the orbital fat in a motion-MRI (Video 1).

![Visualization pipeline. The figure shows a pipeline for the visualization of the deformation of soft tissue in the human body. It consists of three phases: (1) data acquisition and processing, (2) specification of a ROI, and (3) marker-based deformation visualization. The first phase is a preprocessing phase, while the second and third phases are implemented in an interactive visualization application, controlled by the user, and between which he can frequently switch. Phase 1 (*top*): during the first phase, MRI data of the deforming anatomy is acquired. As long as the result of the acquisition is a sequence of MRI volumes representing the gradually deforming anatomy (1a), a variety of algorithms can be applied to the MRI sequence to obtain an estimate of this deformation (1b). To express errors in the deformation data, due to MRI noise or flaws in the algorithm, a deformation uncertainty measure is calculated (1c), to be used during visualization. Phase 2 (*middle*): in the second phase, the user selects a ROI, (i.e., a subregion of the complete anatomy for current visual inspection). Initially, only a surface showing prominent anatomical features is visible. The user positions a plane through the anatomy using this surface as a frame of reference (2a). After adjusting or fine tuning its position (2b), he draws on the plane an outline. He then extrudes this outline to define the intended subregion (i.e., the ROI; 2c). Phase 3 (*bottom*): In the third phase, deformation is visualized by showing a smooth animation of tissue motion. Numerous small dots, called markers, are placed inside the ROI (3a). Each marker is colored according to its current uncertainty value, and shaped according to the instantaneous degree of deformation at the marker\'s position (3b). Immediately, the markers begin moving according to the deformation data, creating a detailed impression of deforming tissue (3c). The anatomical surface, the plane, and marker appearance are constantly updated to reflect the current anatomy, tissue deformation, and deformation uncertainty.](i2164-2591-5-4-9-f01){#i2164-2591-5-4-9-f01}

### Deformation Calculation and Visualization {#s2a2}

As shown in [Figure 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, and described in detail in [Appendix A](#i2164-2591-5-4-9-s03){ref-type="supplementary-material"}, the pipeline consists of three phases: (1) data acquisition and processing, (2) specification of a region of interest (ROI), and (3) marker-based deformation visualization.

As long as the result of the acquisition is a sequence of MRI volumes representing the gradually deforming anatomy ([Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [1a](#i2164-2591-5-4-9-f01){ref-type="fig"}; Video 1), a variety of deformation calculation algorithms can be applied to the MRI sequence to obtain an estimate of this deformation ([Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [1b](#i2164-2591-5-4-9-f01){ref-type="fig"}). To express errors in the deformation data, due to MRI noise or flaws in the algorithm, a deformation uncertainty measure is calculated ([Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [1c](#i2164-2591-5-4-9-f01){ref-type="fig"}).

Initially, only a surface showing prominent anatomical features is visible. In the second phase, however, the user selects a ROI (i.e., a subregion of the complete anatomy for current visual inspection). The user positions a plane through the anatomy using this initial surface as a frame of reference ([Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [2a](#i2164-2591-5-4-9-f02){ref-type="fig"}). After adjusting or fine-tuning its position ([Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [2b](#i2164-2591-5-4-9-f02){ref-type="fig"}), he draws an outline on the plane. He then extrudes this outline to define the intended 3D subregion (i.e., the ROI; [Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [2c](#i2164-2591-5-4-9-f02){ref-type="fig"}).

![Deformation and sliding near the eyeball (B-Splines). *Left*: a slim ROI is created superior to the right optic nerve. *Right*: superior view of the ROI and moving markers at −35°, 0°, and +35° of rotation. When compared with the displacement of the attachment point of the optic nerve, markers right next to the eyeball seem to move approximately one-half that amount. Marker displacement decreases with distance from the eyeball.](i2164-2591-5-4-9-f02){#i2164-2591-5-4-9-f02}

In the third phase, the calculated deformation was visualized by showing a smooth animation of tissue motion. Numerous small dots, called markers, are placed inside the ROI ([Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [3a](#i2164-2591-5-4-9-f03){ref-type="fig"}). Each marker is colored according to its current uncertainty value, and shaped according to the instantaneous degree of deformation at the marker\'s position ([Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [3b](#i2164-2591-5-4-9-f03){ref-type="fig"}). Immediately, the markers begin moving according to the deformation data, creating a detailed impression of deforming tissue ([Fig. 1](#i2164-2591-5-4-9-f01){ref-type="fig"}, [3c](#i2164-2591-5-4-9-f03){ref-type="fig"}). The anatomical surface, the plane and marker appearance are constantly updated to reflect the current anatomy, tissue deformation, and deformation uncertainty.

![Deformation in front of the optic nerve. *Left*: ROI just in front of the optic nerve is filled with droplet markers. Eye ball rotation is at −40°. *Center*: at −10°, marker positions indicate that tissue has been moving along with the optic nerve. Right in front of the optic nerve, tissue deformation matches displacement of the optic nerve, while to its sides, tissue moves along with it only partially. At this stage, no significant difference with LK3D is yet observed. *Right*: final deformation at +25°. *Insets* show an overview of the deformation. At this stage LK3D shows a separation between superior and inferior soft tissue regions is observed, consistent with the liquid-like properties of the eye fat. B-splines on the other hand shows lack of convergence of the eye fat behind the optic nerve. The *inset* confirms this, and also shows that tissue remains connected, while it is expected that regions of orbital fat can freely be disconnected where more rigid structures approach each other.](i2164-2591-5-4-9-f03){#i2164-2591-5-4-9-f03}

As mentioned, two different deformation calculation methods were used. Further in-depth analysis of the two methods is outlined in [Appendix B](#i2164-2591-5-4-9-s04){ref-type="supplementary-material"}, whereas a more detailed description of the pipeline can be found in [Appendix A](#i2164-2591-5-4-9-s03){ref-type="supplementary-material"}.

Clinical Application {#s2b}
--------------------

Next, we investigated the application of the presented pipeline in three clinically relevant areas in the human orbit. Precise descriptions of the ROI placement can be found in [Appendix A](#i2164-2591-5-4-9-s03){ref-type="supplementary-material"}.

### Sliding and Deformation of Orbital Fat Near the Eyeball {#s2b1}

First, we investigated to what extent the rotating eyeball slides over the retrobulbar fat and to what extent the fat moves with the eye during eye rotation. Described by Schoemaker et al.,^[@i2164-2591-5-4-9-b02]^ the orbital fat immediately behind the eyeball follows the displacement of the eyeball surface during rotation by approximately one-half. In this experiment, we tried to verify that result.

### Sliding and Deformation of Orbital Fat Around the Optic Nerve {#s2b2}

Secondly, we examined the sliding and deformation patterns of the orbital fat around the optic nerve during abduction: in front of the optic nerve, behind the optic nerve, and alongside the optic nerve.

### Displacement of Orbital Fat Between Eyeball and Medial and Lateral Rectus Muscles During Abduction {#s2b3}

Next, we investigated fat motion in the region between the eyeball and the rectus muscles. During abduction, the lateral rectus muscle rolls up onto the eyeball. This would cause orbital fat to be pushed backward or sideways from between eyeball and muscle. An observable effect of this behavior would be that a volume of markers in this region between muscle and eyeball would get stretched in the direction of the eyeball rotation axis. Also during abduction, we expected the lateral muscle to roll off from the eyeball and some fat to move from above and below.

Validation Experiments {#s2c}
----------------------

The tool was validated by using the deformation data to predict the shape and location of three ROIs: one for which we know the deformation data, and two for which we can estimate the deformation by identifying the demarcated regions in other MRI volumes later in the acquisition sequence. This gives us a subjective estimate of the reliability of the methods for MRI data.

First, we examined a synthetic dataset, consisting of a single MRI volume that is uniformly translating in 3D world space in one direction of which no deviation of the original grid structure is to be expected. The other experiments involved tracking of the eye lens in the eye and a section of blood vessels in the fat, respectively.

Results {#s3}
=======

Visualization Pipeline {#s3a}
----------------------

The volumes of the acquired MRI data together represent the gradually sliding and deforming anatomy of the orbital fat in a motion-MRI (Video 1). Deformation and sliding patterns of the orbital fat were visualized in a clear and ordered fashion of the section deemed interesting. Presence of noise or lack of spatial resolution limited detection of small anatomical features, and consequently their contribution to the deformation data.

Clinical Application {#s3b}
--------------------

### Sliding and Deformation of Orbital Fat Near the Eyeball {#s3b1}

In [Figure 2](#i2164-2591-5-4-9-f02){ref-type="fig"} (right), we see how markers generally move in the direction of rotation of the eyeball. As evidenced by the shape and position of the marker\'s mass, the fat at the sclera-fat interface moved approximately one-half the distance the surface of the eyeball moved. It should be emphasized that in fact this comprises a combination of simultaneous sliding and deformation. Also, the effect of the rotating eyeball on fat displacement decreased with its distance to the eyeball.

### Sliding and Deformation of Orbital Fat Around the Optic Nerve {#s3b2}

We expected to see the orbital fat being pushed away to the side in front of the optic nerve, and behind it to see orbital fat partially moving with the optic nerve and also some displacement of orbital fat into the path of the optic nerve.^[@i2164-2591-5-4-9-b02]^ In [Figure 3](#i2164-2591-5-4-9-f03){ref-type="fig"}, we see these deformation patterns are indeed observed when using LK3D, allowing the fat tissue to be disrupted as a more rigid structure (i.e., the optic nerve) slides through it.

The sliding-through behavior of the optic nerve was also observed in its wake ([Fig. 4](#i2164-2591-5-4-9-f04){ref-type="fig"}). The figure shows deformation in this area using three different marker configuration styles. We see in the top panel, a randomly distributed ROI, that the volume near the optic nerve is elongated and thinned in its direction of motion, while the region nearer to the lateral rectus muscle stays more in place, but is spread sideways. This pattern is confirmed in the bottom-right panel, which shows deformation of a vertical sheet of tissue over a significantly shorter time than the first panel. From the left edge of the ROI, it is clear that the top half of the grid-configuration sheet changes little shape, but the bottom half (nearer to the optic nerve) is growing thinner and is stretched along the optic nerve\'s path. The bottom-left panel shows a peculiar deformation pattern. A sheet of markers near the optic nerve curls in on itself, appearing to enclose a region that is dragged along with the optic nerve, and indicating that tissue to the side of the optic nerve moves significantly slower along with it than tissue right behind and in front of it.

![Marker seeding and deformation behind the optic nerve (B-splines). *Top panel*: random seeding inside a ROI just behind the optic nerve. Deformation is shown at approximately −30°, +5°, and +35° of eyeball rotation, respectively. The visualization shows stretching of the soft tissue volume right behind the optic nerve. *Bottom-left panel*: deformation visualized with a stack of six dense marker sheets, seeded at −30°. We see that the stack gets elongated and thinned in the optic nerve\'s direction of motion, as was apparent from the *left panel*. At +5°, the lowest sheet first shows that tissue not directly behind the optic nerve moves slower than tissue immediately behind it, as evidenced by the curling up of the sides of that marker sheet. At +35°, the invasion of sideways soft tissue in the ROI volume is indicated by the almost complete folding back onto itself of the sheet edges. *Bottom-right panel*: deformation of a single sheet of markers, seeded in a regular grid. Deformation is shown at approximately −30°, −27.5°, and −25°. When total deformation is small, the regular grid shows changes in marker positions that would not be clearly distinguishable in a randomly seeded ROI.](i2164-2591-5-4-9-f04){#i2164-2591-5-4-9-f04}

[Figure 5](#i2164-2591-5-4-9-f05){ref-type="fig"} shows the ROI for sliding and deformation alongside the optic nerve. We expected to find that orbital fat moves less than the optic nerve and that this deformation decreases further with its distance to the optic nerve.^[@i2164-2591-5-4-9-b02]^ The deformation patterns near the apex of the orbit (bottom panels) show similar deformation on the inferior and superior sides of the optic nerve. Near the eyeball (top panels), the inferior side shows that tissue motion falls off proportionally to the distance to the optic nerve, up to a certain distance. On the superior side, the influence of the optic nerve on tissue motion seems more complicated. Less tissue seems to be dragged along with the optic nerve, while on the other hand, remaining tissue is pushed in the opposite direction, shown by the changing location of the approximately horizontal part of the marker sheet. Although the optic nerve is slightly closer to the superior rectus muscle than to the inferior rectus muscle, which could explain the more limited range of influence in that direction, this does not explain the opposite motion of the fat on the superior side.

![Deformation alongside the optic nerve (B-splines). Four panels, two images each, show orbital fat motion proportional to its distance to the optic nerve moving in the medial direction. Markers are seeded at −30° eyeball rotation, and are tracked until +40°. The *center image* provides an overview of where the marker sheets were seeded. *Top-left panel*: motion near the eyeball, superior side. There is a clear separation between fat that is moving with the optic nerve, and fat moving in the opposite direction, indicated by the steep slope of the originally horizontal right side, and the upward motion of the left part of the original marker sheet. *Top-right panel*: motion near the eyeball, inferior side. Fat deforms more gradually on the inferior side, and eventually is not influenced at all by the optic nerve motion. This is indicated by the gentler slope of the resulting marker sheet, and the immobility of the markers farthest away from the optic nerve. *Bottom-left and bottom-right panels*: motion near the orbit apex, superior and anterior sides, respectively. Because the optic nerve moves significantly less near the apex than near the eyeball, we see a similar pattern, but at a smaller scale. The opposite motion on the superior side, however, is largely absent, as is the longer range of influence of the optic nerve on the anterior side, resulting in fat deformation being more symmetrical near the orbit apex than near the eyeball.](i2164-2591-5-4-9-f05){#i2164-2591-5-4-9-f05}

### Displacement of Orbital Fat Between Eyeball and Medial and Lateral Rectus Muscles During Abduction {#s3b3}

As mentioned earlier, we would expect orbital fat to be pushed out from between eyeball and muscle during eye rotation. During abduction, slight stretching of the marker configuration in axial direction is indeed observed in the area between the medial rectus muscle and the eyeball, indicating that the tissue is indeed squeezed from between the structures ([Fig. 6](#i2164-2591-5-4-9-f06){ref-type="fig"}, top). The amount of stretching, however, is not sufficient to fully support the muscle rolling up onto the eyeball, as a significant amount of fat appears to remain where the muscle would have displaced it. This is likely caused by lack of resolution in the MRI data and flaws in the deformation calculation method.

![Deformation between eyeball and medial- (*top*) and lateral rectus muscle (*bottom*) during abduction. *Top-left*: ROI selection adjacent to the eyeball and medial rectus muscle, viewed from the orbit apex. *Center*: view of same ROI from within the eyeball, showing the initial marker configuration. *Top-right*: LK3D results are dominated by the approach of the optic nerve, shown by the vertical expulsion of markers only on the left, rather than the medial rectus muscle rolling up onto the eyeball. B-splines results for the same ROI again give the impression that the orbital soft tissue is more rubbery than fluid, judging from the little distortion and the lack of expected divergence. *Bottom-left*: ROI located adjacent to the eyeball and lateral rectus muscle. *Bottom-center*: View of same ROI from within the eyeball, showing the initial marker configuration. *Right*: LK3D results show generally correct direction of motion, although motion results are somewhat erratic. No significant compression of the volume in axial direction is observed. When using B-splines, the erratic behavior observed with LK3D is absent. Also B-splines shows the expected convergence of soft tissue as eye fat moves in from inferior and superior sides.](i2164-2591-5-4-9-f06){#i2164-2591-5-4-9-f06}

When the eye abducts, we also expected to observe thinning of a marker volume in the axial direction between the eyeball and the lateral rectus muscle. Although we correctly see the fat rotating with the eyeball to some extent, the expected thinning is hardly observed ([Fig. 6](#i2164-2591-5-4-9-f06){ref-type="fig"}, bottom) as the resolution of the MRI images is insufficient.

Validation Experiments {#s3c}
----------------------

As mentioned above, the first experiment involved a synthetic dataset, which was translating in a 3D space. As emphasized by the grid structure, the volume\'s shape and internal structure were indeed retained using the B-splines technique ([Fig. 7](#i2164-2591-5-4-9-f07){ref-type="fig"}).

![Deformation results for a uniformly translating MRI volume. *Left*: a regular grid of markers, seeded inside a box-shaped ROI. *Right*: deformation results after significant translation: B-splines results are close to being perfect as no distortion of the grid structure can be seen. LK3D results however, show a slight, but noticeable, deviation from the original grid structure.](i2164-2591-5-4-9-f07){#i2164-2591-5-4-9-f07}

When tracking the eye lens, the general direction of motion was correct. However, we observed some distortion of the original ROI shape using B-splines ([Fig. 8](#i2164-2591-5-4-9-f08){ref-type="fig"}) and even more using LK3D ([Appendix B](#i2164-2591-5-4-9-s04){ref-type="supplementary-material"}), while we know the ground truth to be the lens merely rotating with the eyeball in the axial plane without significantly changing its shape.

![Deformation results for the lens. *Left*: axial view of the lens at −20° of eyeball rotation, showing markers that completely cover the lens. *Right*: results at +40. LK3D results show a lot of loss in the lens coverage. B-splines retains lens position and shape noticeably better than LK3D. The entire updated lens position remains covered in markers with B-splines, while most of it was bared with LK3D.](i2164-2591-5-4-9-f08){#i2164-2591-5-4-9-f08}

A similar result was witnessed when tracking a blood vessel section ([Fig. 9](#i2164-2591-5-4-9-f09){ref-type="fig"}). Using B-splines, the shape of the vessel remains intact as no disruption of tissue occurs.

![Deformation results for a blood vessel. *Left*: area around the blood vessel seeded with markers at −30° eyeball rotation. *Right*: deformation results at +35° for LK3D and B-splines. *Inset* shows in *red* the blood vessel\'s new location, according to the MRI data. LK3D results show the erroneous tearing of tissue. B-splines results for the same structure show that vein connectivity is preserved and the actual position of the vein is covered by more markers.](i2164-2591-5-4-9-f09){#i2164-2591-5-4-9-f09}

Discussion {#s4}
==========

The role of the orbital fat in the mechanics of eye suspension and eye rotation has historically been greatly underappreciated while, in fact, it is of crucial importance. The four rectus muscles pull the eye backward and hold the eye, rolling and sliding on the orbital fat. It could also be, in part, contributing to the pulley action of the eye muscles (i.e., the direction of pull of the eye muscles rotates with eye movement out of the plane of the muscle) as the rectus muscles are kept in place by the fat and its connective tissue.^[@i2164-2591-5-4-9-b18]^ Moreover, the sliding behavior of the orbital fat is essential for allowing high speed saccades (i.e., saccades would require more energy when the fat would be adherent to the eye and the eye muscles), and all the displacement were to be achieved by deformation. As the developed tool is able to visualize the sliding and deforming fat, it provides valuable information concerning the role of orbital fat in the mechanics of eye movement and suspension.

We compared two deformation calculation methods from a sequence of MRI volumes (LK3D and B-splines) in a pipeline for the visualization of orbital fat sliding and deformation during eye rotation and investigated which of the two is best suited to visualize three clinically relevant questions. Our comparison suggests that overall B-splines is the better choice. Mainly, B-splines shows less ripping of tissue such as blood vessels and less distortion of structures such as the lens. On the other hand, however, because of the inability of B-splines to allow tissue to tear, it is unable to show the combination of sliding and extreme deformation, needed for the apparent disconnection of fat, as the optic nerve slides through it. This problem is not as apparent when using LK3D as it generates a more or less liquid behavior of the moving fat. So in fact, which calculation method is best suited depends on the actual situation: B-splines works better in tracking structures such as the lens, blood vessels, and parts of the fat, while LK3D allows tissue to disconnect as should happen as the optic nerve slides through the fat, or as an eye muscle rolls up onto the globe. This said, B-splines is available as a ready-to-use package where LK3D is not.

The difficulty of creating correct deformation calculation methods lies in the fact that different tissues slide along each other during eye rotation. As stated by Schmidt-Richberg et al.,^[@i2164-2591-5-4-9-b19]^ most techniques apply a certain smoothing condition to render a realistic representation. By doing so, it assumes that the deformation occurs homogenously, and therefore loses accuracy when applied to different tissues sliding along each other. In their study, they have developed a technique to smooth the object and background separately and have applied it to the sliding behavior encountered in lung and liver motion during the respiration cycle.^[@i2164-2591-5-4-9-b19]^ Obviously, it would be of great interest to apply this technique to our data set. As mentioned before, deformation data can also be acquired in live tissue directly using 2D-tagged MRI^[@i2164-2591-5-4-9-b15]--[@i2164-2591-5-4-9-b17],[@i2164-2591-5-4-9-b20]^ and the pipeline we discuss could be applied to a 3D version of tagged MRI. However, this technique is not accurate and fast enough in 3D.

We showed to what extent the orbital fat in the sclera-fat interface follows the movement of the eyeball during rotation. On this topic, a longstanding controversy exists. On one hand, the optic nerve cannot slosh through the fat when the eye rotates. On the other hand, however, complete rotation of orbital fat seems inefficient, as it would increase the momentum during eye rotation. In this study, we demonstrate that, in line with findings of Schoemaker et al.,^[@i2164-2591-5-4-9-b02]^ the fat immediately behind the eye follows eye movement by approximately one-half. Sliding of the eyeball over the retrobulbar fat must also be taken into account in future finite element models of the suspension of the eye in the orbit.^[@i2164-2591-5-4-9-b18]^

Also, we found that the tissue regions in front of and behind the optic nerve seem to respectively be pushed away and to follow the optic nerve path in its wake, agreeing with results from Schoemaker et al. ([Figs. 3](#i2164-2591-5-4-9-f03){ref-type="fig"} and [4](#i2164-2591-5-4-9-f04){ref-type="fig"}).^[@i2164-2591-5-4-9-b02]^ Moreover, thin sheets in four areas alongside the optic nerve showed to what extent orbital fat at its side moves with the optic nerve as it slides through it, see [Figure 5](#i2164-2591-5-4-9-f05){ref-type="fig"}, also in line with results from the study of Schoemaker et al.^[@i2164-2591-5-4-9-b02]^ The fat around the optic nerve behaves almost like a fluid, whereas in other parts of the orbit, the fat is more firm, preventing for instance a sideways displacement of eye muscles through the fat.^[@i2164-2591-5-4-9-b21]^

To what extent a particular volume of markers should deform as a lengthening rectus muscle rolls up onto the globe is unknown, because we have no ground truth with which to compare. However, the orbital fat between sclera and muscle is arranged in layers. Each layer is separated from adjacent layers by connective tissue sheets parallel tot sclera and muscle, permitting fast sideways extrusion of fat when the muscle rolls up onto the globe.^[@i2164-2591-5-4-9-b22]^ In line with this observation, we found that regions of orbital fat between the eyeball and the medial rectus muscle showed to some extent the expulsion of the fat as the eye muscle rolls up onto the eyeball during abduction. However, fat moving in from above and below as the lateral rectus muscle rolls off from the eyeball could not be demonstrated, most likely due to a lack of resolution of the MRI images.

The aim of our present study was to describe the visualization technique in a single dataset. For further applicability it is imperative to analyze a sufficient number of orbital datasets. For the future, it would be interesting to adequately differentiate between sliding and deformation, as this further increases understanding of the fat\'s dynamic behavior. For instance, to what extent does an extraocular muscle slide over the orbital wall and in the back of the orbit? Furthermore, a principal component analysis of the deformation could quantify deformation properties such as shear, stress, rotation, and translation. This information could also be of value for future finite-element models of the orbit.

Also, the pipeline could be applied to other areas of fat and soft-tissue deformation in the human body, such as in the infrapatellar fat pad in the knee joint,^[@i2164-2591-5-4-9-b23]^ the adipose kidney capsule,^[@i2164-2591-5-4-9-b25]^ heart motion,^[@i2164-2591-5-4-9-b26]^ or blood flow,^[@i2164-2591-5-4-9-b26]^ and lungs. This can demonstrate the deformation visualization pipeline as a tool more generally applicable than to orbital fat deformation alone. Finally, as data quality improves, the value of our technique increases as its accuracy is bound only by the accuracy of the deformation data due to controllable marker granularity.

As for other imaging modalities, it would be interesting to see its applicability in ultrasound imaging. Rossi et al.^[@i2164-2591-5-4-9-b27]^ describe a technique of ultrasound image velocimetry using the robust image velocimetry (RIV) algorithm to quantify the vitreous velocity fields generated by saccades. In theory, the technique described in this paper could be applied to a 3D ultrasound dataset. B-splines, for example, have already been described in the segmentation of 3D echocardiography.^[@i2164-2591-5-4-9-b28]^ However, being a cavity filled solely with a gel-like structure, the pitfall of using a marker-based visualization technique for vitreous lies in the difficulty to specify a ROI in such a medium. After all, a ROI is necessary in dense 3D visualization to prevent visuals in irrelevant regions from occluding the currently more interesting parts of a 3D volume.

Our tool for orbital fat deformation and sliding, as outlined in this study, could offer the opportunity for orbital surgeons to, for example, accurately locate a region of cicatrization. Together with a finite-element model this could eventually assist in deciding to operate or not, improve surgical approach, permit an individualized surgical plan, and reduce reoperation rates.
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